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osteoporosis among patients with diabetes mellitus is not uniform and is incompletely understood [4, 5] . The risk of hip fracture in type 1 diabetes mellitus (T1DM) is significantly higher than is observed in type 2 diabetes mellitus (T2DM), although both are increased relative to risk among the normoglycemic population; and bone mineral density (BMD) is increased in T2DM relative to controls, whereas it is decreased in T1DM [6] . Despite this heterogeneity of densiometrically identified bone disease among patients with diabetes mellitus, common factors that may contribute to poor bone quality among all diabetic patients include effects of hyperglycemia on osteoblasts [7] , osteoblastic precursors [8] [9] [10] , osteocytes [11] , and osteoclasts [12] ; compromise of collagen strength caused by accumulation of advanced glycation end products in bone [13] ; oxidative stress from glucose variability [14, 15] ; and development of microvascular disease that damages bone vasculature [16] . Furthermore, gait disturbances observed among hyperglycemic patients [17] may be caused by compromised peripheral and central nervous systems [18, 19] , as well as sarcopenia [20, 21] , that collectively contribute to increased risk for falls [22, 23] and fractures [24] .
Similarly, there is evidence that hyponatremia is a risk factor for fragility fracture with or without osteoporosis. Experimental and epidemiological studies associate hyponatremia with increased risk of both osteoporosis [25] [26] [27] and gait instability [28, 29] leading to increased falls [30, 31] and fractures [32, 33] . Analogous to the release of calcium from bone to maintain calcium homeostasis during calcium deficiency, studies suggest that sodium can be released from rich and mobilizable reservoirs in bone to maintain sodium homeostasis during relative sodium deficiency [34, 35] . Bone quality could thus be compromised at the expense of attempting to maintain normal serum sodium concentrations [Na + ], although the mechanisms affecting this pathophysiology are inadequately understood. Hyponatremia may compromise bone quality directly and independently of plasma osmolality by activating osteoclast-mediated resorption and loss of bone through direct low-sodium sensing mechanisms [36] , and/or by promoting differentiation of human mesenchymal stromal cells toward the adipogenic phenotype at the expense of osteogenesis [37] . Other studies have suggested that arginine vasopressin (AVP)-the hormone responsible for renal water conservation that is inappropriately elevated in relation to hypo-osmolality with hyponatremia in the syndrome of inappropriate antidiuretic hormone (SIADH)-may be responsible for affecting the release of sodium from bone through interaction with Avpr1a and Avpr2 receptors expressed in osteoblasts and osteoclasts [38] . The mechanisms underlying gait instability associated with hyponatremia are also under active investigation, and they may be caused by central [28] and/or peripheral [39] nervous system dysfunction. Importantly, and in support of the hypothesis that hyponatremia is causative of pathology and not just a marker of disease severity, both the negative effects of hyponatremia on bone quality [40] and gait instability [29, 41] may be reversible.
Cognizant that hyperglycemia can cause a true hyponatremia through osmotic translocation of water from the intracellular to the extracellular space [42] , and that hyponatremiainduced bone resorption is independent of osmolality [36] , we conducted a case-control study to ascertain whether hyponatremia is an additional independent risk factor for osteoporosis among patients with diabetes mellitus matched by median glycated hemoglobin (HbA1c) as an indicator of glycemic control. Because hyponatremia may contribute to increased risk for fracture among patients with diabetes mellitus through mechanisms not captured by densitometry-for example, by causing gait instability and increased falls-we also assessed for risk for fragility fracture independent of osteoporosis.
Materials and Methods
We conducted a matched case-control study within the MedStar Health institutions' pooled patient electronic health records database. Methods of obtaining de-identified patient data using the Explore application on the Explorys platform have been described elsewhere [26, 43] and is briefly reviewed in an online repository [44] . This technology utilizes a server behind the firewall of participating MedStar Health institutions in the Maryland, Virginia, and greater Washington, DC, area to capture information from patients' inpatient and outpatient records, including admissions, discharges, transfers, surgical procedures, and historical records. There were .3.6 million unique patient records in the MedStar Health database available for query at the time of the study. The duration of the patient records under investigation extends from electronic health record implementation in the MedStar system in 2002 to the beginning of the current study on 10 October 2016; however, data entered retrospective of electronic record implementation dates back as far as 1987 and was also included in the study. The study was approved by the Georgetown-Howard Universities Center for Clinical and Translational Sciences Institutional Review Board. The requirement for informed consent was waived in view of the de-identified nature of the analyses.
Patients were identified as having diabetes mellitus who had at least one HbA1c laboratory value $6.5%. From this pool of patients with diabetes mellitus, two groups of patients were selected as case subjects. The first group had at least one diagnosis of osteoporosis as defined by ICD-9 code 733 for osteoporosis. The second group had at least one diagnosis of fragility fracture as defined by ICD-9 codes for fracture of upper (810 to 819) or lower limb (820 to 829), pelvis (808), or vertebral column (805). Cases without matched controls on specified criteria (described below) were excluded. Patient cases and controls with no serum [Na + ] in the database, with a diagnosis of heart failure, or with a creatinine clearance #30 mg/dL were excluded from the analysis.
Two control groups from the patient pool with diabetes mellitus were selected. Each osteoporosis and fragility fracture case was matched separately on age at first HbA1c $6.5, duration of the diabetic encounter window, median HbA1c between first HbA1c $6.5 and the end of the encounter window, type 1 vs type 2 diabetes mellitus, sex, and race as specified by the categories listed in Table 1 and Table 2 with a control without patient record of osteoporosis or fragility fracture, respectively. Matching was performed with SAS 9.3 software using the Mayo Clinic gmatch general SAS macro. See Fig. 1 for a consort diagram depicting selection and matching processes for cases and controls for both the osteoporosis and fragility fracture studies.
A diabetic encounter window was defined for each osteoporosis and fracture case as the time between the date of the first HbA1c value $6.5% and the date of the first osteoporosis diagnosis or first fragility fracture diagnosis, respectively. Diabetic encounter windows for controls were defined by the encounter window of the matched cases. A hypothetical "time-toevent" date for each control was calculated by adding the duration of the respective case's diabetic encounter window to the control's first encounter date with an HbA1c value $6.5%. That is, the control diabetic encounter window was defined as the time between the date of the control's first encounter with an HbA1c value $6.5% and a generated date representing the time to a hypothetical event (namely, an osteoporosis or fragility fracture diagnosis).
Case and control exposures to the clinical variables of interest were defined by the documentation of at least one disease diagnosis, drug prescription, or behavioral diagnostic code within the diabetic encounter window. Diagnostic codes for disease categories included in the analyses are provided in an online repository [44] . Case or control exposure to hyponatremia was defined as having at least one serum [Na + ] measurement ,135 mmol/L within 30 days prior to the end of the diabetic encounter window. Coefficient of glucose variation (percentage) for each case and control was calculated as the SD of glucose values within the diabetic window divided by mean glucose values within the diabetic window, multiplied by 100.
Descriptive statistics such as means and SDs were used for continuous variables and frequencies and percentages for categorical variables. Conditional logistic regression for matched case-control design was used to estimate the change in the risk of osteoporosis and fractures in the form of the OR, which measures the change in the odds of experiencing the outcome (osteoporosis or fragility fracture) given the categories of an exposure variable. Statistical significance was determined with a P value threshold of 0.05. Analyses were performed using SAS version 9.3 (SAS Institute) and Stata version 11 (StataCorp). 
Results
Final analyses of both the osteoporosis and fragility fracture cases with matched controls included 3101 unique patient records. Records of 225 patients that were used as a case or control in the osteoporosis or fracture analysis were used as a case or control in the other respective analysis.
A total of 823 osteoporosis cases were matched to 823 controls without osteoporosis. Of the 20,160 potential osteoporosis cases, 2500 were excluded because [Na + ] values were unavailable; 6800 were excluded because the patient had a diagnosis of heart failure; and 3870 were excluded because of a creatinine clearance #30 mg/dL. Of the remaining 6990 osteoporosis cases, 5209 were excluded from the analysis because controls matching on all parameters were not obtained with the matching algorithm. Table 1 shows the characteristics of patients with and without osteoporosis. Osteoporosis cases and controls were predominantly female (89.4%) with T2DM (95.7%) and averaged 66.67 years of age (SD of 9.24) at first encounter with HbA1c $6.5. Of the serum [Na + ] values for the osteoporosis cases and controls, 36.1% of the values were documented as acquired in the inpatient setting, 47.1% in the outpatient setting, 5.3% in the emergency room, and 11.5% unknown. Median HbA1c between cases (7.11%) and controls (7.12%) were not statistically different. Compared with patients without osteoporosis, patients with osteoporosis had a significantly lower body mass index (BMI; 32.93 vs 30.35). Unadjusted ORs indicate that being prescribed a nonsteroidal anti-inflammatory drug (NSAID), thiazide, or proton pump inhibitor was associated with a decreased risk of osteoporosis. Diagnosis of prior fracture, liver disease, pulmonary disease, central nervous system disease, acute or chronic kidney disease, hypotension, or diabetic neuropathy was associated with a higher risk of osteoporosis. Tobacco use or hyponatremia were also associated with increased risk of osteoporosis.
The results of conditional multivariate logistic regression analysis for the osteoporosis study are presented in Table 3 . Figure 2 illustrates all statistically significant results. Hyponatremia, prior fracture, tobacco use, liver disease, pulmonary disease, central nervous system disease, chronic kidney disease, glucocorticoid use, or metformin use was associated with increased risk of osteoporosis. Higher average BMI or alcohol use was associated with a decreased risk of osteoporosis. The OR for osteoporosis associated with coefficient of glucose variation was not statistically significant. The OR associating hyponatremia with osteoporosis (OR, 3.09; CI, 1.37 to 6.98) was greater than any other variable analyzed.
A total number of 840 fragility fracture cases were matched to 840 controls without fragility fracture. Of the 20,810 potential fragility fracture cases, 6300 were excluded because [Na + ] values were unavailable; 5570 were excluded because the patient had a diagnosis of heart failure; and 3520 were excluded because of a creatinine clearance #30 mg/dL. Of the remaining 5420 fragility fracture cases, 4514 were excluded from the analysis because controls matching on all parameters were not obtained with the matching algorithm. Figure 1 . Consort diagram for osteoporosis and fragility fracture studies. The MedStar Health institutions' pooled electronic records database was used to select patient records of interest. After applying predefined exclusion criteria, Mayo Clinic gmatch general SAS macro was used to match cases with osteoporosis with controls without osteoporosis and cases with fragility fracture with controls without fragility fracture, respectively. Outcome ( §) was defined as diagnosis of osteoporosis or fragility fracture for the osteoporosis study or fragility fracture study, respectively. statistically different. Compared with patients without fragility fracture, patients with fragility fracture had a significantly lower BMI (32.54 vs 31.40). Unadjusted ORs indicate that being prescribed an opiate, an antiepileptic, or a selective serotonin reuptake inhibitor (SSRI); using tobacco or alcohol; or having a diagnosis of osteoporosis, pulmonary disease, central nervous system disease, malignancy, acute or chronic kidney disease, hypotension, diabetic neuropathy, or diabetic ophthalmopathy was associated with an increased risk of fragility fracture. Hyponatremia was associated with an increased risk of fragility fracture. Thiazide use was associated with a decreased risk of fragility fracture. The results of the conditional multivariate logistic regression models for fragility fracture are presented in Table 4 . Figure 3 illustrates all statistically significant results. Hyponatremia, prior osteoporosis, tobacco or alcohol use, pulmonary disease, central nervous system disease, or diabetic neuropathy was associated with increased risk of fragility fracture. Higher BMI or proton pump inhibitor use was associated with decreased risk of fragility fracture. The OR for fracture associated with coefficient for glucose variation was 1.01 with a 95% CI of 1.00 to 1.02. The OR associating hyponatremia with fragility fracture (OR, 6.41; 95% CI, 2.44 to 16.82) was greater than any other variable analyzed.
Discussion
Our data suggest that, independent of glycemic indices, hyponatremia among persons with diabetes mellitus is associated with increased risk of osteoporosis and fragility fracture. additive mechanism. This second mechanism likely is gait instability caused by hyponatremia [28, 29] that contributes to increased mechanical falls [30, 31] and fractures [32, 45] . We recognize that the rationale linking pathology associated with hyponatremia to skeletal and nervous system physiology in diabetes mellitus is circumstantial, as investigations to date have not been undertaken with simultaneous consideration of both sodium and glucose levels. Inarguably, hyperglycemia is directly toxic to bone, although there is recent evidence that suggests that there are additional mechanisms independent of absolute glucose level that cause increased bone resorption markers in patients with hyperglycemia [46] [47] [48] . There is also evidence that rapid changes in glucose level (with concomitant rapid changes in absolute serum sodium) can cause toxicity to the nervous system that is similar in character to the pathology seen among patients with rapidly corrected serum sodium levels in hypo-osmolar hyponatremia [49, 50] . As serum [Na + ] levels are dependent on glucose levels, the principal challenge of the current study was to demonstrate that hyponatremia among patients with diabetes mellitus could be associated with osteoporosis and fragility fracture independent of the degree of hyperglycemia.
The possibility that patients with diabetes mellitus can have comparable glycemic control but disparate serum [Na + ] levels made our case-control study possible. There are three potential mechanisms by which patients with diabetes mellitus could have comparable glycemic control but lower serum [Na + ] levels than do their matched controls. Figure 4 illustrates these potential mechanisms. First, as depicted in Fig. 4A , patients could be both hyperglycemic and have an additional disorder of water homeostasis (such as nonosmotic secretion of AVP caused by a medication) that induces a hypo-osmolar hyponatremia. Second, as depicted in Fig. 4B , some patients could have physiology that depresses serum [Na + ] levels lower than would be expected for a given degree of hyperglycemia. Such a phenomenon has been seen in at least one epidemiological study in diabetic patients [51, 52] . Third, as depicted in Fig. 4C , some patients could have low-normal baseline serum [Na + ] levels when euglycemic. With the same delta changes in serum glucose and subsequently the same delta changes in serum [Na + ] caused by translocation of fluid from the intracellular space to the extracellular space, patients with lower baseline serum [Na + ] levels when euglycemic would also have lower serum [Na + ] levels when hyperglycemic compared with patients with high baseline serum [Na + ] levels. Although our study design limits our ability to distinguish which of these mechanisms were at play in our study, experimental data do suggest that the third mechanism of isotonic hyponatremia could contribute to increased risk of osteoporosis and fracture, as discussed below.
Frequent hyperglycemia is thought to contribute to increased risk of bone fragility fractures through multiple mechanisms [5] . We introduce the provocative hypothesis that the osmotic property of glucose, which induces dilutional hyponatremia by affecting translocation of water from the intracellular to the extracellular space, may also contribute to the pathophysiology underpinning increased fracture risk among patients with diabetes mellitus. We speculate that hyperglycemiainduced hyponatremia stimulates biologic processes that facilitate release of rich sodium reservoirs from bone to maintain sodium and water homeostasis at the expense of bone quality [35] . Models suggest that impaired nerve conduction [39] and gait stability [28] may be directly related to lowering of [Na + ]. Furthermore, hyperglycemia-induced hyponatremia could compound fracture risk by precipitating or worsening gait instability, leading to increased falls and fracture risk [53] .
Previous studies in experimental animals have indicated that sustained chronic hyponatremia is associated with marked bone loss in association with increased osteoclast numbers in bone [25] . Subsequent in vitro studies confirmed the effect of low extracellular [Na + ] to stimulate both osteoclastogenesis and osteoclast resorbing activity. Although in vivo studies cannot differentiate between the effects caused by hyponatremia from those caused by hypoosmolality, in vitro studies in which the osmolality of low [Na + ] culture medium was corrected to normo-osmolality by addition of mannitol clearly demonstrated that the osteoclast activation was driven by low extracellular [Na + ] and not by low osmolality [36] . The well-known effects of hyperglycemia to lower serum [Na + ] are often disregarded as being of little or unclear clinical significance, because the resulting hyponatremia is isotonic rather than hypotonic. For example, two epidemiological studies addressing the risk of fracture with hyponatremia were designed to exclude hyperglycemia-induced hyponatremia as a potential confounder [26, 54] . However, to dismiss hyperglycemia-induced hyponatremia ignores the potential effects of low [Na + ] on cells independent of changes in osmolality. The finding that osteoclastogenesis and osteoclast activity are driven predominantly by low extracellular [Na + ] rather than low osmolality raised the possibility that hyperglycemiainduced hyponatremia may be of pathological significance, rather than just a manifestation of osmotic homeostasis. The current study was crafted to test these hypotheses formulated in response to data gleaned from experimental studies.
Our study was limited by its retrospective character and missing data. We used coefficient of glucose variation as a parameter of glucose variability. Coefficient of glucose variation was designed to be used for continuous glucose monitoring data when many interval glucose values are available. In contrast, we had limited glucose values, sometimes measured at long intervals from each other in the patient record. BMI data were also not available for all cases and controls. Furthermore, we had no direct measure of serum osmolality, and thus we could not discern when serum sodium values were depressed secondary to translocation of water (an isotonic hyponatremia) or secondary to other circumstances, such as diuretic use or SIADH (hypo-osmolar hyponatremia). Additionally, by study design, we were unable to address how hyponatremia severity or duration modulated risk for osteoporosis or fragility fracture. That is, severe serum sodium depression among cases compared with controls matched by glycemic indices would likely not be secondary to translocational hyponatremia, which usually induces more moderate serum sodium depression. Furthermore, most patients with diabetes do not have persistently decreased serum sodium levels. Rather, their sodium levels fluctuate with their degree of glycemic control. Consequently, "duration" of hyponatremia cannot be defined by persistently low sodium levels.
One strength of the current study is that we controlled for many parameters of hyperglycemia. That is, our cases and controls were matched on a categorization of hyperglycemia etiology (i.e., T1DM vs T2DM), a parameter of hyperglycemia duration (i.e., diabetic window), and a measure of hyperglycemia severity (i.e., median HbA1c). Oxidative stress caused by glucose variability is also proposed as a mechanism of hyperglycemia toxicity, and in a recent study, bone cortical area was inversely associated with glycemic variability as measured by coefficient of glucose variation in patients with T1DM [55] . Recognizing that our matching did not account for glucose variability or glucose excursions, we included coefficient of glucose variation as a variable in our multivariate analysis. Coefficient of glucose variation was not strongly associated with osteoporosis or fracture in the current study, nor did the inclusion of coefficient of glucose variation in the multivariate analysis significantly affect the OR for osteoporosis or fragility fraction with hyponatremia. We do not suggest that our analysis refutes the putative role that glycemic variability contributes to fracture risk; rather, our results suggest that cases and controls were well matched on glycemic parameters and had similar glucose variability.
Another strength of this study is that we control for multiple confounders by including clinical factors associated with risk for osteoporosis and fragility fracture in the multivariate analysis. For example, thiazide diuretic was included in our analysis because it may decrease fracture risk by creating a positive calcium balance or increase fracture risk by causing postural hypotension or hyponatremia. Although hyponatremia was a significant risk factor for osteoporosis and fragility fracture, neither thiazide diuretic nor hypotension was statistically significant for either outcome in our analysis, which suggests that hypotension caused by thiazide diuretic was not a driver for increased risk for fracture in our population.
Although our study is primarily hypothesis generating, there are potential clinical implications that derive from the results. First, they reaffirm that hyperglycemia-induced hyponatremia is a true hyponatremia caused by translocation of water from the intracellular to the extracellular fluid, not an artifactual pseudohyponatremia, which is a frequent misinterpretation [54] . Second, they challenge the prevailing concept that hyperglycemiainduced hyponatremia is of no clinical significance, because hyponatremia was associated with increased risk of osteoporosis and fractures independent of well-matched indices of glycemic control. When matched for glycemic indices, our data suggest that hyponatremia itself is the main driver of osteoporosis and fracture, and the overall effect of glucose on risk for osteoporosis or fragility fracture needs further investigation with controlled trials.
